The subject of compressor tip air injection in full jet engine test setups has been under investigation at the Institute of Jet Propulsion for many years. Latest experiments revealed that the utilization of the ejector effect can help to raise both effectiveness and efficiency of air injection systems. Based on the gathered experiences, an advanced Ejector Injection System (EIS) was designed from scratch and built most recently. The presented design process is focused especially on the optimal application of the ejector effect in order to achieve maximum performance. As the EIS features complicated 3D flow paths and utilizes not only the ejector but also the Coanda effect, its internal aerodynamics include complex interactions of multiple phenomena. Therefore, extensive stand-alone tests are performed before the ejector injection system is attached to the jet engine. The described test setup features high precision mass flow measurement devices and has created valuable results for a more detailed understanding of the ejector effect and the flow inside the EIS. The experimental work is accompanied by extensive CFD simulations with detailed focus on the internal flow phenomena in the second part of the paper. 
NOMENCLATURE
EIS Ejector Injection System µ entrainment ratio [-] HPC high pressure compressor ISA Institute of Jet Propulsion LPC low pressure compressor
INTRODUCTION
New aircraft engines need to meet ambitious requirements regarding fuel consumption and efficiency, yet provide maximum operational safety throughout their lifetime. In some cases, these demands are in conflict, for example if the engine's compression system is considered. For maximum pressure ratio and efficiency, a high aerodynamical blade loading is advantageous. However, a higher loading increases the risk of aerodynamic compressor instability. In order to resolve this conflict, the Institute of Jet Propulsion at the University of the German Federal Armed Forces is developing a new method of air injection for compression systems on a Larzac 04 turbofan engine.
The subject of air injection has been under investigation for many years with very promising results. One of the first publications in this area was presented by Day (1993) , who performed the experiments on a compressor rig. In order to consider the effects of tip injection and the interaction between the different engine sub-systems as well, the Institute of Jet Propulsion is performing full jet engine investigation on the Larzac 04 turbofan engine. The first injections system was developed by Leinhos et al. (2002) and featured ten injection ducts with revolvable injection nozzles. His results and the following investigations by Scheidler and Fottner (2004) demonstrated the capabilities of tip injection in full jet engine applications. In the follow-up work by Bindl et al. (2009a) , a slightly modified and optimized injection system was used to realize an active compressor stabilization system. This system only activates the air injection, if a stall event is directly imminent, which helps to increase the overall efficiency of the jet engine. In order to increase the efficiency of the tip injection, Stößel et al. (2014) extended the existing injection system with an ejector. With this modification, a surge margin increase between 5 % and 60 % (depending on injection mass flow and operating point) was observed.
Subsequently, an advanced tip injection system was developed, in order to achieve best ejector performance. The so-called Ejector Injection System (EIS) is subject of the present publication. The accompanying CFD simulations are the topic of the second part of the paper by Brehm et al. (2017) .
DESIGN AND DEVELOPMENT
The application of the ejector effect can increase both effectivity and efficiency of tip air injection (cf. Stößel et al. (2014) ). In order to maximize these gains and to prove the substantial benefits expected from ejector tip injection, a totally new ejector injection system (EIS) has been designed from scratch. The main goal during the design was the best possible exploitation of the ejector effect in the challenging boundary conditions of a jet engine test setup with special attention to active compressor stabilization.
Installation prerequisites
The EIS is designed for the application at the Larzac 04 tubofan engine, operated in the jet engine test facility of the Institute of Jet Propulsion. Further information on the test facility can be found in Bindl et al. (2009b) .
The assembly of the Larzac 04 offers extraordinary prerequisites for the installation of an air injection system upstream of the first LPC rotor. The casing is comprised of several rings, connected to the so-called inlet adaptor at the very front of the engine. The inlet adaptor can be removed from the compressor casing without any modifications involving the compressor casing. The detachable inlet adaptor enables the positioning of the air injection system directly upstream of the first rotor, in order to ensure maximum impact with minimum response time. However, the available space is very limited in this area. Here, many auxiliary devices are installed, such as the engine control unit, the starter-generator, and several components of the oil-and fuel system. Most of those components cannot be removed without enormous effort, as they are connected directly to the gearbox. The EIS on the other hand, is required to cause minimum flow interference, prohibiting an extension of the injection ducts into the inlet cross section. Thus, the maximum radial extent of the injection system is about 20 mm in the area close to the fan (fan diameter: 450 mm). This very limited design space plays an important role in the entire development process.
Concept and design fundamentals
In the conventional tip injection designs, the pressurized HPC or shop air is injected directly into the tip region of the compressor. The studies by Kefalakis and Papailiou (2006) , Bindl et al. (2009a) and Stößel et al. (2014) showed that a higher injection mass flow rate is advantageous for the tip injection. Therefore, ejector tip injection utilizes the pressurized air as primary mass flow, which is is injected into an ejector geometry inside the EIS. Due to the transfer of energy and momentum, secondary air is entrained. The mixed primary and secondary air is then injected into tip region, which increases the injection mass flow. Thus, the entrainment ratio, defined as the quotient of secondary and primary mass flow µ =ṁ sec /ṁ pri , is used as the key parameter for the evaluation of the ejector effectiveness.
In order to achieve maximum ejector performance, a variety of concepts have been investigated utilizing analytical and CFD methods. In a first step the area ratio between nozzle and mixing duct was determined, according to previous studies by Stößel et al. (2011) and Muth et al. (2011) . This is one of the key parameters for the evaluation of the ejector effect. As some of the investigated geometries were very different from the setup in the mentioned studies, the shear layer area was utilized as a second analytical assessment criterion. As the energy and momentum from the primary mass flow is transferred through the shear layer to the secondary mass flow, it is most likely, that the area of the shear layer is influencing the entrainment.
In addition to the analytical assessment, CFD analyses have been conducted, in order to evaluate the performance of the ejector regarding entrainment ratio and injection mass flow. Therefore, a simplified geometry was utilized. The studies revealed that the concept depicted in figure 1 is by far the most favorable, resulting from both analytical and numerical investigations. In contrast to other concepts and the previous injection systems, it does not feature discrete ejector nozzles, but one single nozzle along the full annulus. The result is an axisymmetric design of ejector, the mixing duct, and the injection nozzle.
An additional advantage of the axisymmetric approach could be an improved efficiency of the tip injection itself, without consideration of the ejector effect. Investigations by Kefalakis and Papailiou (2006) suggest, that the number of injection nozzles increases the efficiency of the injection. As the axisymmetric nozzle can be considered as an infinite number of injection nozzles, an efficiency improvement compared to designs with discrete nozzles is expected.
The introduced concept is further elaborated and subdivided into several modules, which are shown in figure 2. The existing parts of the Larzac 04 are shown as a 3D-cutaway, whereas the modules to develop are depicted schematically. An important aspect to consider here, are the interfaces between engine, EIS, and inlet. As described previously, the inlet adaptor can be removed from the engine casing. In order to provide the suitable interface for the engine's bellmouth inlet, it is installed upstream of the Ejector Injection System. Downstream of the EIS, a flexible sealing provides vibration decoupling from the engine, which is important for two reasons. First, it protects the EIS from potential excitation by the engine. Second, the addition of a considerable amount of weight at the front of a jet engine's casing could influence the vibration characteristics and lead to undesired behavior of the engine itself. The design and development of the different modules of the EIS is described in the next sections, following the flow path in stream-wise direction. 
Supply system
Primary and secondary mass flow are provided by means of tubes and hoses. This is not only due to the infrastructure provided by the jet engine and test facility, but also required for the advanced mass flow measurement techniques, described later on. The concept of the EIS, however, requires the mass flows to be delivered through a ring-shaped cross section. This defines the design task for the supply system: The low-loss transition between twelve circular inlet ports to one outlet port with a ring cross section for both the primary and the secondary mass flow.
For this purpose, an assembly of three nested rings is used, shown in figure 3a. The ducts are formed by pockets milled in the outside of the rings and the respective exterior ring. In order to realize the transition between the quasi-rectangular shape at the upstream position of the rings and the circular inlet (hose connector), an adaptor is utilized. For each primary and secondary flow, one of twelve adaptors is depicted and marked orange in the graphic.
In order to generate minimum losses, flow separation has to be avoided for all operating points. In order to achieve this goal, the area of the duct in stream-wise direction has been adjusted to be either coextensive or convergent but never diverging. Primary and secondary supply duct follow the same design, depicted in figure 3b. The flow enters the supply system through a circular cross section shape, which is transitioned to a ring segment shape by a slightly converging free-form contour. Further downstream, the height of ring-segment shape is reduced and the circumferential extension is enlarged in such a way that the cross section area remains constant. This was achieved by utilizing an analytical function to describe the duct width. As it is desired that the air leaves the supply system in axial direction, a transition area is following to align the flow. The circumferential extension of the transition area's exit is just large enough to combine several of those ducts (in this case twelve) to form a full ring. Ejector and mixing duct The ejector effect is considerably affected by the geometric characteristics of ejector nozzle, secondary duct, and mixing duct. In the case of the EIS, the parameters are reduced to height of primary, secondary, and mixing duct, and the length of the mixing duct. In figure 4 the mentioned parameters are depicted in context of a simplified geometry. First, the height of the mixing duct h mix and the secondary duct h sec is determined by utilizing the results of Muth et al. (2011) and Stößel et al. (2011) . Their investigations suggest that for a fixed height of the ejector nozzle h pri , the height of the mixing duct needs to be maximized in order to achieve maximum entrainment. Hence, the height h mix is chosen as large as the installation boundaries allow. Additionally, the work of Muth et al. (2011) and Stößel et al. (2011) showed, that throttling the ejector leads to noticeable smaller entrainment ratios. Thereby, the decisive dimension is the smallest cross section in the secondary duct upstream of the ejector nozzle. Thus, the maximum height h sec = h mix is chosen.
The dimensioning of the nozzle and the determination of the length of the mixing duct is more complex. These dimensions are determined by a CFD parametric study, utilizing the depicted simplified geometry.
Nozzle casing
The nozzle casing is the module closest to the compressor. Here, the injection mass flow, comprised of primary and secondary mass flow, is injected onto the compressor blade tip. In contrast to the previous injection systems, the EIS is designed non-intrusive for minimum flow distortion. Thus, the injection mass flow would leave the nozzle angled inwards as it is depicted schematically in figure 1 .
However, the injection mass flow needs to be redirected in axial direction after the nozzle exit, whereas flow separation has to be strictly avoided in all operating points. This is realized by exploiting the Coanda effect. Figure 5 shows the parameters characterizing the Coanda effect described by Fernholz (1965) transferred to the design situation at the injection nozzle. The ratio between the height of the nozzle h and the radius at the casing r has been selected under consideration of Fernholz (1965) , Neuendorf and Wygnanski (1999) , and Mason and Crowther (2002) . The results of Fernholz (1965) literatur review suggest, that with a ratio r/h >> 1 turning angles higher than β = 160
• can be achieved. With a ratio of r/h >> 1 Neuendorf and Wygnanski (1999) even observed turning angles of around β = 230
• . However, in the present case, only much smaller radii-ratios of r/h <= 3 are possible. Fernholz (1965) points out, that in cases with r/h = 1, an deflection can only be achieved, the convex contour is immersed into the jet by the height of the nozzle (q = h ). In the case of the EIS, q ≈ h for a fully opened nozzle. Mason and Crowther (2002) showed, that even with a ratio r/h = 0.5 turning angles of β = 30
• are possible. As flow separation has to be avoided in any case, the ratio r/h = 3 is chosen for the maximum nozzle height. Thus, with r/h >= 3, a turning angle of β = 22
• is expected to be achieved for all operating conditions. Besides proper flow guidance, maximum flexibility is one major design goal. In order to enable large parametric studies, a variable area injection nozzle is required. As schematically depicted in figure 2, this functionality is realized by a traversable ring at the inner casing of the EIS. For reasons of operational safety, it has to be ensured that this ring is prevented from entering the main flow path, even it is completely loose. Therefore, it has to be long enough to completely close the nozzle. This way, the variable area nozzle can also be used as a valve, resulting in the closest possible distance between valve and blade, enabling minimum response time. In order to open and close the nozzle, the traversable ring is moved by an actuation system. As the disturbance of the inlet flow is not an option, the only position to place the actuators is the outside of casing. As a tilting of the ring needs to be avoided, a combination of three actuators and their respective actuation mechanism was chosen to mount the traversable ring. The actuators and the actuation mechanism divide the otherwise axisymmetric design into three 120
• segments. The realization of the actuation system adds an immense amount of complexity to the EIS, concerning the following aspects:
-Manufacturing: Relatively large diameters, small wall thickness, and very close gaps between the stationary and the moving parts lead to a complex task for manufacturing.
-Structural integrity: The structural mechanics of the traversable ring have been investigated. In order to avoid a malfunction in any case, a special aluminum alloy has been chosen, which offers maximum strength and vibration resistance.
-Actuators: The EIS is supposed to be utilized for active compressor stabilization, which requires a response time of minimum 25 ms (about six rotor revolutions) between detection of the stall-onset and a fully opened nozzle at maximum power settings (cf. Bindl et al. (2009c) ). This demands extraordinary dynamics with accelerations up to 200 m/s 2 from the actuation system. Additionally, the three actuators are equally distributed around the annulus, which requires them to move absolutely synchronously, in order to avoid a tilt of the traversable ring. An adequate system, comprised of three linear motors in master-slave-mode was identified to meet all requirements.
-Actuation mechanism: The reduced design space necessitates an actuation mechanism, as the actuators are too large to fit between the EIS and the auxiliary devices positioned around the annulus of the compressor. Thus, a flat but stiff mechanism has been designed to carry the traversable ring.
EIS overall systems aspects and manufacturing
A digital mock-up of the Ejector Injection System, comprised of all modules described in the previous section is shown in figure 6a . Additional to the numerical investigations of the sub-systems, the overall system and the interaction of the sub-systems was investigated in detail utilizing CFD methods. The results, including a discussion of the internal flow phenomena is presented in the second part of the paper by Brehm et al. (2017) .
Furthermore, the topic of operational safety needs to be investigated with special regard to the interaction between jet engine and EIS. Even though, the EIS and the engine are decoupled mechanically, the injected air can cause undesired oscillations of the compressor blades. In order to avoid the excitation of the rotor's resonance frequencies, a vibration analysis has been performed. This way, critical rotational speeds can be identified and avoided during testing.
After ensuring proper inner aerodynamics and secure operation, the EIS was manufactured. Most parts of the EIS are made from a standard aluminum alloy (AlMg4.5Mn) for efficient machining. However, steel, special aluminum alloys (7075), and polymers (PA) have been utilized, whenever necessary or advantageous. Most of the components were manufactured conventionally, but also additive technologies were deployed for the complex adaptors of the supply system.
The manufacturing of rings with a large diameter, small wall thicknesses, and close tolerances is a challenge. In order to provide space for the actuators, some of the rings have to be manufactured as segments of 120
• . Thereby, special attention has to be paid to the internal stresses, as lathed rings tend to deform, after the fragmentation. Despite all complexity, all parts have been built successfully. The completely assembled Ejector Injection System is shown in figure 6b .
EXPERIMENTAL SETUP
The operation of the Ejector Injection System in combination with the Larzac 04 jet engine is safety critical. Thus, it has to be ensured that the EIS and all it's subsystems perform as desired and that no unexpected, undesirable behavior occurs. Additionally, the CFD setup needs to be validated, in order to perform conclusive calculations of the interaction between compressor and EIS. Therefore, an extensive stand-alone test campaign has been performed, featuring sophisticated measurement equipment. 
Mass flow measurement
The EIS is supposed to demonstrate the capabilities of tip air injection in combination with the ejector effect. A precise characterization of the ejector effect raises the demand for a precise simultaneous mass flow measurement of primary and secondary mass flow, exceeding the precision of a standard pneumatic measurement by far. Even though both primary and secondary mass flow rate have to be measured with highest precision, all other requirements differ a lot.
In case of an engine test configuration, the primary mass flow is taken from high pressure compressor bleed air. The relatively hot and pressurized HPC air requires an adequate measurement technique, which can cope with the elevated air pressure and temperature. Thereby, a reasonable total pressure drop is acceptable.
The secondary mass flow, however, is entrained from ambient air with a relatively low velocity through a tube with a large diameter. Muth et al. (2011) and Stößel et al. (2011) showed that throttling the secondary mass flow of an ejector can decrease the entrainment ratio considerably. As this has to be avoided, only measurement techniques with marginal pressure drop and a coextensive geometry are considered.
Numerous mass flow measurement techniques have been evaluated, including orifice plates, turbine meters, vortex meters, calorimetric flow meters, hot wire anemometers and Prandtl probes. For each measurement task one clearly advantageous concept has been found. For the primary mass flow, a Coriolis measurement device is utilized as depicted in figure 7a. For most operating points the measurement accuracy is more precise than 0.25 %. In addition to the mass flow rate, also the fluid's temperature is measured. This measurement is not only an important physical variable, but also crucial for temperature monitoring, as the maximum operating temperature of the Coriolis device is close to the expected bleed air temperature.
The measurement setup for the secondary mass flow is shown in figure 7b . The key component is a two path ultrasonic velocity measurement device, which determines the mean velocity in the flow path with an accuracy of 1.4 %. By means of an ambient pressure and temperature measurement, the resulting mass flow can be calculated. For minimum power settings, the min- imum velocity limits the range of reasonable measurement errors, resulting in a maximum tube diameter. For maximum power settings, however, the ejector is expected to entrain such an high amount of secondary air that the maximum measurable velocity might be exceeded. This is a result of the ultrasonic beam getting convected downstream of the respective sensor. In this case, an additional pneumatic measurement is performed in the bellmouth inlet, comprised of four static pressure and four total pressure measurements. For the relatively large dynamic pressure beyond the limit of the ultrasonic device's measurement range, the accuracy of the pneumatic measurement is sufficient, especially because the pneumatic measurement can be calibrated utilizing the data of the ultrasonic measurement in the intersection of both measurement ranges. With this combination, it is possible to cover the entire operational range of the EIS with an extraordinary high accuracy and minimum impact on the ejector.
Wall pressure measurement
The mass flow measurement is utilized to evaluate the overall performance of the ejector. In order to get a deeper insight into the inner aerodynamics of the EIS, its outer casing is equipped with multiple pressure taps. At the inlet of one primary and one secondary duct, a combination of one wall pressure and one pitot probe is installed. Further downstream, the static wall pressure distribution along the entire outer casing is determined by 35 wall pressure probes. The pressure taps are aligned to the center of one supply system duct. Their distribution in axial direction was affected by the expected pressure gradients and the installation prerequisites.
Stand-alone configuration
This publication focuses on the stand-alone test campaign of the Ejector Injection System. The main test objectives are the general proof of concept for all key features, the performance validation of the ejector, and the investigations on the inner aerodynamics. Furthermore, validation data for the numerical investigations presented by Brehm et al. (2017) were generated during the campaign.
The stand-alone test setup is schematically depicted in figure 8 . The primary air is provided by a screw compressor, controlling a constant pressure of 15 bar in pressure tanks with a volume of 7.5 m
3 . An electrically actuated ball valve is utilized to control the primary mass flow rate. Downstream of the ball valve, the primary air is split into twelve separate streams. One is lead through the Coriolis mass flow measurement device, the others pass through an orifice, which emulates the Coriolis flow meter in terms of total and static pressure loss. This way, an equal mass flow through all primary ports is guaranteed.
The secondary mass flow is entrained from the ambiance. One third of it passes through the Figure 8 : Schematic of the EIS stand-alone test setup combination of bellmouth inlet and ultrasonic flow meter and is then split in order to feed four secondary ducts. The rest enters the test setup through an identical inlet, but is split directly downstream of the inlet. In order to compensate the flow resistance of the ultrasonic flow meter, the respective hoses connecting splitter and EIS are longer than those downstream of the ultrasonic device. As described previously, the throttling of the secondary duct can have noticeable impact on the ejector performance. In order to be able to analyze the behavior of the EIS without any upstream pressure losses, an alternative setup is possible for the stand-alone configuration. The primary air supply is set up as depicted in figure 8, whereas the secondary mass flow measurement equipment is not utilized. The secondary air enters the EIS directly through the hose connectors, where the secondary mass flow is determined by pneumatic measurements. This measurement setup provides the opportunity to analyze the impact of the secondary mass flow measurement equipment on the ejector and is utilized for validation purposes due to its severely reduced complexity.
EXPERIMENTAL RESULTS
All experiments have been conducted in the stand-alone configuration of the EIS as depicted in figure 8 . In order to improve the effectivity and efficiency of the tip injection, the ejector needs to entrain a high amount of secondary air. Therefore, the entrainment ratio is used to evaluate the overall performance of the ejector.
Even though the axisymmetric design of the ejector is very different from the designs investigated in previous studies, a very satisfactory ejector performance is achieved with the EIS. In figure 9 the measured entrainment ratio for the nominal position of the traversable ring. The primary mass flowṁ pri is covering about 70 % of the expected operating range of the EIS in the jet engine test configuration. The general trend of the curve has already been observed by Muth et al. (2011) and Stößel et al. (2011) . However, the driving factors of the entrainment and the ejector's mode of action are still under investigation. Further details on this subject are presented in the second part of the paper by Brehm et al. (2017) .
Figure 9: Entrainment ratio
For the investigation of the internal aerodynamics of the Ejector Injection System, the normalized wall pressure distribution p/p ∞ , shown in figure 10, was measured. As the qualitative distribution of the wall pressure is the same for all operating points, only one representative operating point at about 240 g/s primary mass flow is depicted. The following information can be extracted from the plot: -A to B: The measurement starts at the beginning of the coextensive section of the supply system. Thus, the static pressure is almost constant, as there is no acceleration of the fluid.
-B to C: Further downstream, the convergent transition to the axial direction starts. Due to the accelerated flow, the static pressure decreases.
-C to D: Even though this section is coextensive again, the static pressure decreases as a result of the upstream impact of the nozzle.
-D to E: Further acceleration through the nozzle.
-F and G: At the Coanda radii, the flow is turned in axial direction and is slightly accelerated due to the convex contour. 
CONCLUSIONS
The development of the ejector injection system is the basis for future investigations with the objective to prove the novel concept for ejector tip injection. The design is very different from those utilized before, which applies to both, the design of the injection system and the ejector. For best ejector performance, an axisymmetric design design was developed, which is very different from the discrete injection nozzles of previous injection systems or ejector test setups. The resulting rings with a relatively large diameter and thin walls posed several challenges for the manufacturing. However, the EIS could be built successfully.
With the variable area nozzle and the associated actuation system, which can also be used as a valve, it is possible to achieve a response time of 25 ms. This will be vitally important for future investigations on active stall suppression.
As the EIS features so many completely new design elements, the first tests are performed in a stand-alone configuration without a jet engine. For the evaluation of the ejector performance, the mass flows through the system have to be determined as precisely as possible. Therefore, sophisticated measurement equipment was applied. The test results lead to the conclusion that the EIS works as expected, especially concerning the supply system, the ejector performance and the Coanda nozzle. With an entrainment ratio up to 3.5 in the stand-alone setup, a significant gain in stall margin is expected for the operation in the jet engine test setup.
Additionally, it can be concluded that the results and trends found in earlier test setups with very different geometry can be transferred to create new ejector designs.
